Negative-strand RNA viruses represent a significant class of important pathogens that cause substantial morbidity and mortality in human and animal hosts worldwide. A defining feature of these viruses is that their single-stranded RNA genomes are of opposite polarity to messenger RNA and are replicated through a positivesense intermediate. The replicative intermediate is thought to exist as a complementary ribonucleoprotein (cRNP) complex. However, isolation of such complexes from infected cells has never been accomplished. Here we report the development of an RNA-based affinity-purification strategy for the isolation of cRNPs of influenza A virus from infected cells. This technological advance enabled the structural and functional characterization of this elusive but essential component of the viral RNA replication machine. The cRNP exhibits a filamentous double-helical organization with defined termini, containing the viral RNA-dependent RNA polymerase (RdRp) at one end and a loop structure at the other end. In vitro characterization of cRNP activity yielded mechanistic insights into the workings of this RNA synthesis machine. In particular, we found that cRNPs show activity in vitro only in the presence of added RdRp. Intriguingly, a replication-inactive RdRp mutant was also able to activate cRNP-templated viral RNA synthesis. We propose a model of influenza virus genome replication that relies on the trans-activation of the cRNP-associated RdRp. The described purification strategy should be applicable to other negative-strand RNA viruses and will promote studies into their replication mechanisms.
Negative-strand RNA viruses represent a significant class of important pathogens that cause substantial morbidity and mortality in human and animal hosts worldwide. A defining feature of these viruses is that their single-stranded RNA genomes are of opposite polarity to messenger RNA and are replicated through a positivesense intermediate. The replicative intermediate is thought to exist as a complementary ribonucleoprotein (cRNP) complex. However, isolation of such complexes from infected cells has never been accomplished. Here we report the development of an RNA-based affinity-purification strategy for the isolation of cRNPs of influenza A virus from infected cells. This technological advance enabled the structural and functional characterization of this elusive but essential component of the viral RNA replication machine. The cRNP exhibits a filamentous double-helical organization with defined termini, containing the viral RNA-dependent RNA polymerase (RdRp) at one end and a loop structure at the other end. In vitro characterization of cRNP activity yielded mechanistic insights into the workings of this RNA synthesis machine. In particular, we found that cRNPs show activity in vitro only in the presence of added RdRp. Intriguingly, a replication-inactive RdRp mutant was also able to activate cRNP-templated viral RNA synthesis. We propose a model of influenza virus genome replication that relies on the trans-activation of the cRNP-associated RdRp. The described purification strategy should be applicable to other negative-strand RNA viruses and will promote studies into their replication mechanisms. N egative-strand RNA viruses include several major human and animal pathogens that cause substantial morbidity and deaths worldwide, as well as several important plant pathogens that are responsible for plant diseases with considerable economic impact. Notable examples of human pathogens are influenza, rabies, mumps, measles, and respiratory syncytial virus, as well as zoonotic, hemorrhagic fever-causing Ebola and Lassa viruses. A defining feature of these viruses is that their singlestranded RNA genomes are of opposite polarity to messenger RNA and are replicated through a cRNA intermediate (1) . The genomic viral RNA (vRNA) molecules of negative-strand RNA viruses are assembled into viral ribonucleoprotein particles (vRNPs) containing an oligomer of nucleoprotein (NP) and the RNA-dependent RNA polymerase (RdRp), which is responsible for transcription and replication of the viral genome. High-resolution structures of the genomic ribonucleoproteins of negative-strand RNA viruses have been determined by means of EM, the best-studied example of which is the vRNP of influenza A virus (2, 3) .
The genome of influenza A virus is segmented into eight individual vRNP complexes that display a double-helical arrangement resembling a large loop twisted into a helical filament. One copy of the 250-kDa heterotrimeric RdRp, containing the polymerase basic 1 (PB1), polymerase basic 2 (PB2), and polymerase acidic (PA) subunits, binds at one end of the filament interacting with both the 5′ and the 3′ ends of the vRNA (2, 3) . Influenza viruses initiate infection by delivering these highly specialized RNA synthesis machines into the nucleus of a host cell for the expression of viral genes. Upon entry into the nucleus, the vRNP-associated RdRp is responsible for transcription of the parental vRNAs into capped and polyadenylated mRNAs using 5′-capped RNA primers snatched from host pre-mRNAs (4, 5) . The capped RNA primers are generated by the viral RdRp. Specifically, the PB2 subunit of the RdRp binds to the cap structure of host pre-mRNAs by sandwiching the 7-methyl guanine between two aromatic amino acid residues, whereas the PA subunit endonucleolytically cleaves the capped RNA 9-15 nt downstream of the cap. Subsequently, these primers are extended by condensation of nucleoside triphosphates by the RdRp catalytic domain within the PB1 subunit. Polyadenylation occurs by stuttering of the RdRp on a stretch of uridine residues ∼16 nt from the 5′ end of the vRNA template. Replication of the viral genome is also catalyzed by the viral RdRp, first by synthesizing full-length positive polarity cRNA de novo, which is believed to assemble with NP and the RdRp into a complementary ribonucleoprotein (cRNP). This cRNP then serves as a replication intermediate for the synthesis of multiple copies of progeny vRNPs, which subsequently serve for secondary rounds of transcription, genome amplification, or are exported from the nucleus for packaging into progeny virions (6) . Although a cRNP complex has long been assumed to serve as a replicative intermediate for all negative-strand RNA viruses, such complexes have never been isolated. This shortcoming can be attributed to the technical difficulties of separating cRNPs from vRNPs during purification from infected cells and the low ratio of cRNPs to vRNPs in infected cells (7, 8) . Consequently, cRNP complexes remain uncharacterized both structurally and functionally, greatly hampering our understanding of an essential aspect in the replication process of negative-strand RNA virus genomes.
Significance
The negative-strand RNA viruses comprise several significant human, animal, and plant pathogens that have considerable health and economic impact globally. During infection, replication of the single-stranded negative-sense RNA genome occurs through a complementary RNA intermediate, which is believed to complex with viral proteins to form a complementary ribonucleoprotein (cRNP). The isolation of these complexes from infected cells has never been accomplished, greatly hampering our understanding of genome replication. We report a technological advance for the isolation of this elusive but essential component of the influenza A virus replication machine. Structural and functional characterization of the influenza A virus cRNP has led to the proposal of a model of genome replication that relies on a trans-activating viral RNAdependent RNA polymerase.
To understand the overall molecular architecture of the influenza virus ribonucleoprotein complexes and the basic molecular requirements of influenza virus genome replication, we set out to isolate the replicative cRNP intermediate from infected cells using an RNA tag and affinity purification. Electron microscopy and single particle analysis revealed that the cRNPs isolated from infected cells exist as individual particles that exhibit a double-helical arrangement consisting of cRNA, NP, and the RdRp. Unexpectedly, it was shown in vRNA synthesis assays that cRNP activity requires a trans-activating RdRp for initiation and processivity by the resident RdRp. By using a replicationinactive mutant of the RdRp, we show that the role of this transactivating RdRp is not enzymatic. These findings allow us to propose a model for genomic vRNA synthesis by the influenza virus replicative intermediate cRNP.
Results RNA-Affinity Tag-Based Strategy for cRNP and vRNP Purification. To isolate influenza virus cRNPs and vRNPs separately from infected cells we sought to use an affinity purification of RNPs based on an RNA tag. We took advantage of the translational operator RNA hairpin from the Pseudomonas aeruginosa bacteriophage PP7 (PP7) that binds with high affinity (K d = ∼1 nM) to the coat protein of PP7 (PP7CP) (9, 10) . We generated recombinant influenza A/WSN/33 viruses by reverse genetics (11) that encode the PP7 RNA tag in the neuraminidase (NA) gene allowing the isolation of either cRNA or vRNA, depending on the orientation of the tag (Fig. 1A) . The RNA-tag was inserted into the region of the NA gene that encodes the NA stalk (12) . Analysis of wild-type and recombinant viruses revealed that virus growth was unaffected by the presence of the RNA tag ( Fig. 1 B and C) , demonstrating that heterologous RNA secondary structures can be introduced into the influenza virus genome without impairing genome encapsidation. Furthermore, the corresponding insertion in the NA protein did not hamper virus release from the host cells in cell culture conditions, consistent with previous reports showing that insertions and deletions in the NA stalk can be tolerated by the virus (13) (14) (15) (16) .
Purification of Influenza A Virus cRNP and vRNP Separately from Infected Cells. To purify PP7-tagged RNA, we established a stable HEK 293T cell line that expresses PP7CP. Alternatively, expression was achieved transiently by transfection. Infection of cells expressing PP7CP resulted in endogenous assembly of viral RNP complexes containing PP7CP for affinity purification. Target viral NA cRNPs and vRNPs were separated with high specificity using RNA-based affinity chromatography and density gradient centrifugation ( Fig. 2 and Figs. S1 and S2). Analysis of RNA and protein revealed that the cRNP and vRNP contained RdRp, NP, and cRNA or vRNA, respectively (Fig. 2) . On average, 20.0% of the total cRNA and 11.8% of the total vRNA from cell lysates could be purified. However, only 3.2% of total mRNA could be recovered in the purification process (Fig. 2B ). These data demonstrate that an RNA tag-based affinity purification allows the separate isolation of influenza virus cRNPs and vRNPs and that sufficient flexibility exists within the cRNPs and vRNPs for secondary RNA structures to form that are not eliminated as a result of encapsidation by oligomeric NP.
Influenza Virus cRNP Exhibits a Double-Helical Arrangement Consisting of cRNA, NP, and the RdRp. Negative-stain EM of NA cRNPs revealed filamentous particles (Fig. 3A) with a median length of 72 nm (n = 231), in agreement with the length of influenza virus vRNP segments of intermediate length in nucleotides (17) . A dataset of 2,456 cRNP images was obtained, revealing that the filaments were often highly flexible (Fig. S3 ). This flexibility resulted in disorder in the 2D class averages of the particles, especially at the termini (Fig. 3B) . To gain insight into the molecular architecture of the central filament and the termini, the corresponding subimages were classified independently. The central filament class averages revealed repeating triangular structural motifs, consistent with a double-helical arrangement of NP (Fig.  3C) . We classified the termini and then split them into two groups, comprising either arrowhead-shaped (Fig. 3D ) or looped structures (Fig. 3E) , and these were interpreted to correspond to side views of the RdRp and NP-RNA loops, respectively. The RdRp structure exhibited a large and a small polymerase domain and adopted different angles relative to the central filament (Fig.  3D ). The NP-RNA loops displayed varying diameters (∼14-23 nm) corresponding to approximately three to seven NP molecules, suggesting a degree of flexibility of the loop structure.
Purified vRNPs but Not cRNPs Are Active in Vitro. The separation of cRNP and vRNP from infected cells enabled us to determine and compare the basic molecular requirements for viral RNA synthesis between these viral RNP complexes in in vitro activity assays. Viral RNAs were detected by performing a primer extension assay by using two radiolabeled primers that analyze the 5′ end of the template and product, one specific for NA mRNA and cRNA and the other specific for vRNA (7, 18) . As demonstrated by the synthesis of de novo initiated cRNA, vRNPs were able to replicate (Fig. 4A ). Replication activity was greatly enhanced in the presence of an ApG dinucleotide primer that is complementary to the 3′ end of the vRNA template (Fig. 4A ). vRNPs were also able to synthesize 5′ capped mRNA when β-globin mRNA was provided as a cap donor. In the presence of the cap donor, vRNPs also synthesized de novo initiated cRNA, as reported previously (19), although we cannot exclude entirely that some of these products represent de-capped viral mRNAs. In contrast, cRNPs were unable to synthesize detectable amounts of vRNA de novo or in the presence of an ApG dinucleotide that is complementary to the 3′ end of the cRNA template (Fig. 4A) .
A Trans-Activating RdRp Is Required for cRNP Activity. Earlier work has proposed a model whereby vRNA synthesis relies on a transacting RdRp for replication (20) . We therefore hypothesized that the inability of the cRNP to synthesize vRNA is due to the absence of an RdRp acting in trans. To test this hypothesis, we included recombinant RdRp purified from Spodoptera frugiperda cells (Fig. S4A ) in the cRNP activity assays. Only in the presence of additional RdRp did we observe the synthesis of vRNA from the cRNA template. Two primer extension products with slightly different sizes were observed (Fig. 4B) , the shorter product likely representing vRNA initiated internally at position 4 on the cRNA promoter, consistent with the previously proposed internal initiation model for the cRNA promoter (21) . In the absence of a vRNA-specific radiolabeled primer the products of cRNP activity were not detected ( To address this question, recombinant wild-type RdRp or PB1 active-site mutant (PB1a) RdRp was purified from mammalian cells (Fig. S4 B and C) and included in the in vitro assays. Unexpectedly, both wild-type and active-site mutant RdRp were able to promote cRNP activity, resulting in the synthesis of vRNA 3.1-fold and 2.8-fold over background for the wild-type and the active-site mutant RdRp, respectively (Fig. 5A) . These results suggest that the recombinant RdRp does not act as a replicase in trans, but instead, it acts cooperatively with the resident RdRp, which acts as a replicase in cis.
To investigate this further, we used an alternative in vitro transcription assay that involves the incorporation of radiolabeled nucleoside triphosphates. To analyze vRNP activity we set up a reaction leaving out UTP, expecting a 14-nt-long transcription product as the first ATP occurs at position 15 in the vRNA template. Analogously, to analyze cRNP activity we left out CTP, expecting an 8-nt-long transcription product. Consistent with previous results (Fig. 5A) , cRNPs showed activity in presence of wild-type RdRp as well as in the presence of the PB1a active-site mutant RdRp (Fig.  5B) . Taken together, these data show that the cRNP-associated RdRp requires a trans-activating RdRp with a nonenzymatic role.
Discussion
The principal advancement of this study is the isolation of a replicative intermediate of a negative-strand virus, permitting Primer extension analysis of total and purified NA-specific RNA from HEK 293T-PP7CP cells infected with wild-type (-), cRNA-PP7, or vRNA-PP7 viruses. Viral RNAs were analyzed by primer extension using primers specific for positive sense (mRNA and cRNA) and negative sense (vRNA) NA-specific viral RNAs that generate cDNAs with an expected size of 169-177 nt from mRNA (dependent on the length of the capped mRNA primer), 160 nt from cRNA, and 129 nt from vRNA. Primer extension analysis of 5S rRNA was used as a control producing a cDNA product of 100 nt. Ten times more sample of purified RNA was analyzed relative to total RNA. (B) Quantitation of primer extension analysis of purified RNA. RNA levels represent the mean, and the error bars represent SDs from three biological repeats. (C) Analysis of purified cRNP and vRNP fractions from RNA-affinity purifications and density glycerol gradients by SDS/PAGE and staining with silver. Note that lower amounts of cRNPs were purified compared with vRNPs owing to a lower accumulation of cRNA in infected cells (7, 8) . In the cRNP lane the intensity of the PB1 band appears stronger than that of the PB2/PA bands owing to the presence of a contaminating cellular protein that migrates at the same position ( visualization and functional characterization of such complexes. Our data revealed that the replicative intermediate of influenza virus exists as an individual structured particle that comprises cRNA, NP, and RdRp. We observed that the cRNP particle contains three major domains, the central filament and two distinct termini, one terminus harboring a loop and the other a structure that we interpret as the RdRp, on the basis of analogy to previously published structures of vRNPs (2, 3) . The central filament exhibited a helical arrangement, similar to the reported vRNP filament structure (2, 3) in which the helical arrangement of the filament is facilitated by NP-NP interactions. We observed a varying diameter of the loop at the terminus of the cRNP, with three to seven NP molecules being present within the loop. This observation is consistent with previous reports that the loop end of the vRNP comprises five to eight NP molecules in one study (3) and three NP molecules in another study (2) . In contrast to previous studies, which analyzed a mixture of vRNPs corresponding to RNA segments of various lengths, here we analyze one particular cRNP with an RNA segment of a defined length. The fact that these cRNPs exhibit loops with varying numbers of NP molecules implies either slightly different degrees of helical winding in the central filament or, perhaps more likely, different degrees of unwinding at the loop-end of the filament. The opposite terminus contained the RdRp exhibiting a small and a large structural feature. Previous EM studies of vRNP-associated RdRp also found that the RdRp shows two structural features, the larger feature possibly corresponding to PB1, PB2, and the N terminus of PA, whereas the smaller feature corresponds to the C-terminal domain of PA (3). Further studies using higherresolution approaches (e.g. cryo-EM) are required to answer whether a similar or different arrangement of subunits exists within the cRNP-associated RdRp.
The specific purification of PP7 RNA-tagged RNPs relies on the accessibility of a surface exposed RNA tag that is not bound by NP. It remains unclear whether the formation of the PP7 RNA secondary structure is sufficient to prevent encapsidation by NP or the binding of PP7CP is required to stabilize the RNA structure and prevent the melting by NP. The presence of an RNA tag that is accessible within the vRNP and cRNP structures of influenza virus for the binding of PP7CP provides experimental evidence that sufficient flexibility exists within viral ribonucleoproteins for secondary RNA structures to form and that such structures do not prevent read-through by the RdRp. Local secondary RNA structures are also believed to play a role in the packaging process of the eight vRNP complexes into progeny virions. Interactions between such RNA secondary structures may mediate the interaction between the eight vRNPs, leading to the observed 7+1 arrangement of vRNPs within budding virions as visualized by EM (22) (23) (24) (25) .
Interestingly, viral mRNA was purified with a significantly lower efficiency than cRNA or vRNA (Fig. 2B) . This finding suggests that the PP7 RNA tag is less accessible for PP7CP binding in the NA mRNPs, possibly reflecting the association of viral mRNAs with numerous cellular factors involved in their processing, nuclear export, and translation (26) . The potential for secondary RNA structures to form in the ribonucleoproteins of other negative-strand RNA viruses is not known. In contrast to influenza virus RNPs, the RNA associated with the majority of negative-strand RNA virus RNPs is more resistant to nuclease digestion, suggesting a tighter packaging of RNA within the RNP structure (27) . The described method using an RNA tag might help to address the question of whether RNA secondary structures can form within these RNPs.
The isolation of cRNPs presented in this study allowed us to advance the model of genome replication for influenza viruses by performing in vitro functional assays. Previously proposed models of influenza virus RNP function suggest that replication is performed by a trans-acting RdRp (3, 20) . It has been observed, by using a genetic trans-complementation approach, that the replication activity of a replication-defective RNP could be rescued in the presence of a replication-competent trans-acting RdRp (20) . Consistent with this observation, EM studies of RNPs purified from transfected cells revealed short RNPs branching from longer RNPs with an RdRp being present at both the branch point and termini (3) .
In contrast to this model, our model on cRNP function suggests that replication (cRNA→vRNA) is performed by the RdRp that is resident in the cRNP complex and that a trans-activating polymerase is required for activation of vRNA synthesis. This model is supported by two findings from our in vitro experiments. First, cRNP showed no detectable activity in vRNA synthesis assays, but activity could be gained by the addition of purified RdRp in trans. Second, the result that the addition of an RNA synthesis inactive mutant of the RdRp had the same effect as the wild-type RdRp demonstrates that replication is performed by the resident RdRp in cis. The trans-activating RdRp, however, is required for activation of the resident RdRp. It could be argued that there is an exchange at the cRNA promoter between the active and inactive RdRps such that the active RdRp could then act in trans on the template. Although this possibility cannot be excluded, previous data showed that binding of RdRp to the 5′ end of the promoter cannot be outcompeted by a preexpressed RdRp (19, 20) , suggesting that an exchange is unlikely. We speculate that the trans-activating RdRp either provides structural support or induces a conformational change of the resident RdRp. This may occur through the formation of a quaternary structure by an interaction between the two RdRps. Indeed, it has been proposed that the influenza virus RdRp can form oligomers, possibly through interactions between PB1 and/or PB2 subunits (28, 29) .
The cooperation and oligomerization between RdRps has been reported to be necessary for viral RNA synthesis in several RNA viruses, including poliovirus (30), hepatitis C virus (31), and Sendai virus (32) . Additionally, the HIV-1 reverse transcriptase functions as a dimeric complex of the p66 subunit and a processed product p51 (33) . Together with our study, these findings suggest that multimerization-driven stimulation of RNA polymerase activity is a common theme in RNA viruses. Whether the arrangement of RdRps plays an architectural role, required for the reorganization of RNA structural motifs or the rearrangement of the active site of the cRNPassociated replicating RdRp, remains unknown.
To conclude, the presented approach for isolating the replicative intermediates of negative-strand RNA viruses represents a powerful method for understanding how vRNA replication works in influenza virus infection. The approach should be applicable to the study of any other negative-strand RNA virus. This will undoubtedly yield new mechanistic insights into the workings of the RNA synthesis machines shared by a broad group of important human, animal, and plant pathogens. plemented with 2 mM L-glutamine (PAA) and 10% FCS (PAA). An HEK 293T-PP7CP stable cell line was produced under the selection of hygromycin-B (Roche). For this purpose, 30 μg of pcDNA-PP7CP-His was transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions into ∼4 × 10 6 HEK 293T cells in 10-cm dishes. After 48 h, the cells were replated into 15-cm dishes containing DMEM supplemented with 10% FCS and hygromycin-B (500 μg/mL). Stable clone selection occurred in the presence of hygromycin-B (500 μg/mL) for ∼30 d. Stable colonies resistant to hygromycin-B were picked and recultured, and protein expression was confirmed by Western blotting.
Viruses. Influenza A/WSN/33 virus (WSN) was cultured on MDBK cells in MEM supplemented with 2 mM L-glutamine and 0.5% FCS. Influenza A/WSN/33 NA cRNA-PP7 and vRNA-PP7 influenza viruses were generated using the 12 plasmid-based reverse genetics rescue system (11). An XbaI site was introduced into the pPOLI-NA-RT plasmid by site-directed mutagenesis [(5′-GGCAGCATTACCTCTAGAGTTGTTGC-3′) and (5′-GCAACAACTCTAGAGG-TAATGCTGCC-3′)]. The PP7 RNA tag was inserted by annealing two complementary oligonucleotides with XbaI restriction sites at the 5′ and 3′ ends [(5′-CTAGTAAGGAGTTTATATGGAAACCCTTAT-3′) and (5′-CTAGATAAGGGT-TTCCATATAAACTCCTTA-3′)] for NA cRNA-PP7 and [(5′-CTAGTAAGGGTTTCCA-TATAAACTCCTTAT-3′) and (5′-CTAGATAAGGAGTTTATATGGAAACCCTTA-3′)] for NA vRNA-PP7 and ligating into the XbaI-digested pPOLI-NA-XbaI plasmid. Underlined nucleotides correspond to the PP7 RNA tag recognized by PP7CP. Insertion of the PP7 RNA tag resulted in the replacement of amino acids Y56 and K57 in the NA stalk with SSKEFIWKPLSR in NA cRNA-PP7 and SSKGFHINSLSR in NA vRNA-PP7.
Plasmids. The pcDNA-PP7CP-His and pcDNA-PP7CP-Strep expression plasmids were constructed by PCR amplifying the PP7 gene from pETZZ-tev-PP7CP (kind gift from J. Robert Hogg, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda) (10) with NotI or KpnI at the 5′ end and a 6-His tag or One-Strep and a XbaI or NotI restriction site at the 3′ end, respectively. The PCR product and pcDNA3A (34) were double-digested with the relevant restriction endonucleases, and the PCR amplified gene was ligated into pcDNA3A.
Growth Curve Analysis. Growth curve analysis was performed by infecting 80% confluent MDBK cells in 3.5-cm dishes at a multiplicity of infection (MOI) of 0.001 with wild-type or PP7-tagged influenza/A/WSN/33 viruses and harvesting the supernatant every 12 h after infection for 72 h. Viral titers were determined by plaque assay.
Isolation of RNPs by RNA-Based Affinity Purification. Approximately 3 × 10 7 HEK 293T-PP7CP-His cells were seeded into 15-cm dishes and cultured for 48 h in DMEM supplemented with 10% FCS and hygromycin-B (500 μg/mL) at 37°C, 5% CO 2 . Alternatively, ∼3 × 10 7 HEK 293T cells were transfected with pcDNA-PP7CP-Strep using Lipofectamine 2000 according to the manufacturer's instructions and incubated for 48 h in DMEM supplemented with 10% FCS at 37°C, 5% CO 2 . Cells were rinsed with PBS and infected at an MOI of 5 for 1 h at room temperature with wild-type or PP7-tagged influenza A/WSN/33 viruses and incubated for a further 6-9 h in DMEM (0.5% FCS) at 37°C, 5% CO 2 . Six to nine hours after infection, cells were collected by centrifugation at 200 × g for 5 min at 4°C and washed with ice-cold PBS. Cells were collected by centrifugation at 200 × g for 5 min at 4°C, flash-frozen, and stored at −80°C. Eluates were subsequently analyzed for proteins by SDS/PAGE and silver staining, and RNA was extracted and analyzed for by primer extension using NA-specific primers as previously described (18) . Quantitation of primer extension products was performed by phosphorimage analysis using Aida software (Raytest). Eluates were concentrated to 1 mL using Amicon Ultra-4 (100K MWCO) centrifugation devices (Millipore) before density gradient centrifugation.
For Strep-tag affinity-purification of RNPs, cells were thawed on ice and lysed in 4 , and 1× complete EDTA-free protease inhibitor mixture] for 2 h at 4°C by rotation. Eluates were subsequently analyzed for proteins by SDS/PAGE and silver staining, and RNA was extracted and analyzed for by primer extension using NA-specific primers. Eluates were concentrated to 1 mL using Amicon Ultra-4 (100K MWCO) centrifugation devices (Millipore) before density gradient centrifugation.
RNPs were isolated by ultracentrifugation on a discontinuous glycerol gradient [1 mL each of 70%, 50%, 40%, and 33% (vol/vol)] in 50 mM Tris·HCl (pH 8.0), 200 mM NaCl, and 1 mM MgCl 2 . The gradients were centrifuged at 192,000 × g in a Beckman SW55Ti rotor for 4 h at 4°C. Fractions of ∼300 μL were collected dropwise from the bottom of the tube. Fractions were analyzed for RNA by primer extension using NA-specific primers. Proteins were analyzed by SDS/PAGE and silver staining and Western blotting using polyclonal antibodies directed against PB2 and NP. Fractions enriched with RNPs were pooled and used for EM and in vitro activity assays.
EM and Image Processing. A 5-μL aliquot of purified cRNP was applied to a glow-discharged 200 mesh carbon-formvar copper grid, and grids were stained with 2% uranyl acetate. Images were taken on CCD (UltraScan 4000SP; Gatan) with a transmission electron microscope (Tecnai F30; FEI) operated at 200 kV and at 39,000× nominal magnification. Contrast transfer function estimation and phase flipping was carried out using XMIPP (http:// xmipp.cnb.csic.es/) (35) . Images were down-sampled by a factor of two, resulting in a pixel size of 6.08 Å/pixels. In total, 529 images were taken, resulting in a dataset of 2,456 cRNP particles. Extracted particles (150 × 150 pixels) were subjected to simultaneous alignment and classification in Relion (http://www2.mrc-lmb.cam.ac.uk/relion/) (36) . The approximate coordinates of the termini were defined in the selected class averages, and 2,456 corresponding subimages (80 × 80 pixels) were extracted from the original micrographs. Subimages were aligned and classified using the in-plane rotation angle of the central filament (psi) as prior information. To derive final class-average images of the RdRp and NP-RNA loop ends, particles assigned to either group were subjected to further 2D classification.
Recombinant Influenza Virus RdRp Purification. Recombinant influenza A/NT/ 60/68 virus RdRp with a protein-A tag on the PB2 subunit was expressed using the Multibac system in Sf9 insect cells (37, 38) . Sf9 cell suspension cultures at 2.0 ×10 6 cells/mL were infected with recombinant baculovirus at an MOI of 0.5-1.0 and incubated for 72 h at 27°C. Cells were harvested by centrifugation and lysed by sonication in lysis buffer [50 mM Hepes·NaOH (pH 7.5), 500 mM NaCl, 10% (vol/vol) glycerol, 0.05% (wt/vol) octylthioglucoside, 1× complete EDTA-free protease inhibitor mixture, and 100 μg/mL RNase A]. The lysate was clarified by centrifugation, and the supernatant was incubated with washed IgG Sepharose (GE Healthcare; ∼2 mL bead slurry per liter of original culture) for 3-4 h at 4°C. After binding, the beads were washed with 50 mM Hepes·NaOH (pH 7.5), 500 mM NaCl, 10% (vol/vol) glycerol, and 0.05% (wt/vol) octylthioglucoside. The polymerase was released using AcTEV protease (150 U per mL of IgG Sepharose) at 4°C overnight in the above wash buffer supplemented with 2.5 mM reduced glutathione. The final purification step was size exclusion chromatography through a HiLoadTM 16/60 Superdex S200 column (GE Healthcare) at 4°C, using 500 mM NaCl, 50 mM Hepes·NaOH (pH 7.5), 10% (vol/vol) glycerol, 1 mM MgCl 2 , and 0.1 mM MnCl 2 .
Recombinant influenza A/WSN/33 virus RdRp expressed in mammalian cells was prepared by tandem affinity purification (37) by transiently transfecting ∼2 × 10 7 HEK 293T cells with 60 μg of each of the RdRp expression plasmids (pcDNA-PA, pcDNA-PB2-TAP, and pcDNA-PB1 for wildtype RdRp or pcDNA-PB1a for active-site mutant RdRp) (7, 34, 39) . AcTEV was removed by binding the eluate to 100 μL Ni-NTA agarose for 30 min at 4°C by rotation and centrifuging at 17,000 × g for 5 min at 4°C. The supernatant was concentrated to 50 μL using Amicon Ultra-4 (100K MWCO) centrifugation devices (Millipore) and stored at 4°C. Mock samples as negative controls were prepared by processing HEK 293T cells transfected with empty vector (pcDNA3A) as described above.
In Vitro Activity Assays of RNPs. RNP activity was assessed in a 20-μl reaction mixture containing 10 μL of purified RNPs, incubated for 16 h at 30°C with 1 mM ATP, 0.5 mM of each CTP, GTP, and UTP (Amersham), 5 mM MgCl 2 , 2 mM DTT, and 5 U RNasin (Promega), with 360 ng β-globin mRNA (Sigma) or 0.5 mM ApG (Sigma) as indicated. Where indicated, 500 ng of purified recombinant influenza virus RdRp expressed in Sf9 cells or 40 ng of wild-type or PB1a mutant RdRp expressed in mammalian HEK 293T cells was included. Transcription products were extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions and precipitated with isopropanol in the presence of 10 μg of tRNA from Escherichia coli MRE 600 (Roche) before analysis by NA gene-specific primer extension and 6% PAGE in 7 M urea as described previously (7) . Quantitation of primer extension products was performed by phosphorimage analysis using Aida software (Raytest).
Alternatively, RNP activity was assessed in a 10-μL reaction mixture containing 5 μl of purified RNPs incubated for 2 h at 30°C with 1 mM ATP, 0.5 mM GTP, and 0. P]CTP (3,000 Ci/mmole; Perkin-Elmer) for vRNPs, 0.5 mM ApG, 5 mM MgCl 2 , 2 mM DTT, and 5 U RNasin, with 10 ng of wild-type RdRp, PB1a active-site mutant RdRp, or mock sample. RNA was extracted by adding an equal volume of phenol/chloroform 1:1 (vol/vol) (pH 4.3) and vortexing for 5 min at room temperature before centrifuging at 17,000 × g for 20 min at 4°C. RNA was precipitated from the aqueous fraction by adding 5 volumes of acetone/ethanol 3:1 (vol/vol) in the presence of 10 μg of tRNA from E. coli MRE 600 and incubating for 30 min at −20°C before centrifuging at 17,000 × g for 20 min at 4°C. The RNA pellet was washed in ice-cold 70% ethanol before dissolving in 10 μL formamide [90% (vol/vol) formamide (Sigma), 10 mM EDTA, 0.001% (wt/vol) bromophenol blue, and 0.001% (wt/ vol) xylene cyanol] and heating to 95°C for 3 min and cooling directly on ice before being analyzed by 20% PAGE containing 7 M urea.
In Vitro Activity Assay of Recombinant RdRp. Activity of purified recombinant RdRp polymerase was assessed using an [α-
32 P]GTP incorporation assay as previously described (40) . Briefly, 1. 
